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Abstract
The present study tries to be a contribution for the development of more
precise theoretical models for predicting the dissipation of heat through the
combustion chamber walls of reciprocating IC engines. A fast response ther-
mocouple was embedded in the combustion chamber of a single cylinder
engine to measure instantaneous wall temperatures. The heat flux was ob-
tained by solving the one-dimensional transient energy equation with tran-
sient boundary conditions using the Fast Fourier Transform. The engine was
tested under different operating conditions to evaluate the sensitivity of the
measurement procedure to variations of three relevant combustion param-
eters: injection pressure, air temperature and oxygen concentration at the
intake. The local heat flux obtained was compared with other relevant pa-
rameters that characterize the thermal behaviour of engines, showing, in most
of the cases, correlation among them. The results showed that the instanta-
neous heat flux through the walls and hence the local wall temperatures are
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strongly affected by the ignition delay and the start of combustion.
Key words: Internal combustion engines, instantaneous heat flux, local
heat flux, instantaneous wall temperature, fast response thermocouple
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Nomenclature
A, B Fourier coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (–)
k thermal conductance . . . . . . . . . . . . . . . . . . . . . . . . . . W m−1 K−1
L probe length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
n n-th harmonic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (–)
N number of preserved harmonics . . . . . . . . . . . . . . . . . . . . . . . . . (–)
q̇ heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
x distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Greek symbols:
α thermal diffusivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2s−1
ω angular velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad s−1








CAD crank angle degree
EGR exhaust gas recirculation
f.s. full scale
IC internal combustion
imep indicated mean effective pressure
IVC intake valve closing
LHR low heat rejection
RoHR rate of heat release
SOC start of combustion
TDC top dead centre
1. Introduction1
Heat transfer from in-cylinder gas to the combustion chamber walls in2
IC engines is one of the most influencing parameters on engine performance,3
efficiency (fuel consumption) and exhaust pollutant emissions. In addition,4
it is one of the worst known processes in IC engines due to its complex-5
ity: convection and radiation mechanisms, turbulent reactive fluid dynamics,6
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wall deposits, three-dimensional and transient phenomena, and cycle-to-cycle7
fluctuations. This complexity has induced some authors to write that “the8
problem is a modeller’s nightmare and an experimenter’s agony, but is far9
too important to ignore” [1]. In the last years, mostly due to the need of10
engine improvement, big efforts have been devoted to developing suitable11
theoretical and experimental tools for improving engine designs [2].12
Furthermore, the knowledge of heat transfer phenomena in IC engines13
plays an important role in successfully simulating thermodynamic cycles and14
consequently the thermal load of the combustion chamber components can15
be estimated more precisely [3, 4]. This fact is crucial also for the mechan-16
ical design of these components, which car manufacturers frequently face17
at early stages of engine development. Moreover, there are no doubts that18
IC engines have had to overcome many difficulties along the years to face19
high-efficiency demands but complying with restrictive legislations regarding20
pollutant emissions. Since emission formation is very sensitive to wall heat21
transfer, several studies have been focussed on validating new technologies22
[5, 6] and defining suitable strategies for the reduction of the engine warm-23
up time [7]. With this purpose, Low Heat Rejection (LHR) engines covering24
the combustion chamber walls with ceramic film [8] have been evaluated and25
strategies for controlling the coolant flow through the engine [9, 10] or for26
heating the intake air [7, 11] have been explored.27
In these studies, the importance of a precise characterization of the heat28
transfer phenomena in the combustion chamber was remarked. Regarding29
this subject, research activities are often focused whether on applying dif-30
ferent thermal analyses based on simple resistive models [12, 13, 14] or on31
5
performing complex and highly time consuming calculations with three di-32
mensional fluid dynamics models [15, 16]. In both cases, the common chal-33
lenge lies on the determination of a suitable film coefficient for the assessment34
of the convective heat transfer from in-cylinder gas to combustion chamber35
walls. This coefficient is frequently determined by a general correlation as36
those proposed by Woschni [17] and Annand [18], whose results were based37
on a global heat balance of the engine and presented considerable discrepan-38
cies between them. Since the suitability of these correlations for determining39
the heat flux through different elements of the combustion chamber is at40
least debatable, more precise and detailed coefficients are required to obtain41
a more realistic thermal characterization of engines [19]. With this purpose,42
combustion chamber splitting has been used for calculating spatial film co-43
efficients in the cylinder by means of the Colburn analogy [8].44
In order to measure the heat flux through the engine components (cylin-45
der, cylinder head and piston) different sensors can be used, those most used46
being the fast response thermocouples [20, 21]. Due to the reciprocating47
movement of the piston, its wall temperature signal is acquired by means of48
telemetric systems [22, 23], which can be mechanical, magnetic or optical.49
In this work fast response thermocouples were used to determine the in-50
stantaneous heat flux through combustion chamber walls, by using a specific51
test bench designed for basic combustion studies in Diesel engines. The main52
objectives of the work were focused first on evaluating the suitability of this53
technology and verifying the sensitivity of the sensors for measuring instan-54
taneous heat flux. Then, the effect of different parameters, such as intake air55
temperature, injection pressure, and oxygen concentration at the intake, on56
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the heat flux through combustion chamber walls was analyzed.57
The paper is organized into four sections. First, a brief discussion of the58
test bench, including the most relevant measuring system used, is presented.59
Then, the main assumptions and the mathematical method used to determine60
the instantaneous heat flux is thoroughly explained. In section 4, the results61
obtained are discussed. Finally, the main conclusions extracted from the62
study are summarized.63
2. Test equipment64
The experimental set-up used in this study has been fully described in65
a previous work by Bermúdez et al. [24]. In this section a brief description66
of the principal characteristics of the test rig will be only presented. This67
experimental apparatus is a physical model that reproduces the thermody-68
namic conditions of the air (pressure, temperature and density) which are69
expected inside the cylinder of current direct injection Diesel engines at the70
start of injection, so that injection-combustion processes can be studied in71
almost real conditions. The main element of the layout is a single cylinder72
port-scavenging two-stroke engine with three-litre displacement and low ro-73
tational speed (∼ 500 rpm). The geometrical characteristics of this engine74
are presented in Table 1. Since the fuel mass injected was not enough so as75
to obtain a positive net power output, the engine was motored to maintain76
constant its operating conditions.77
Fig. 1 shows a scheme of the experimental set-up and the monitoring78
equipment used in this study. Intake air was supplied to the engine by an79
oil-free screw compressor with 4.5 bar of maximum outlet pressure, so that80
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the intake pressure could be controlled up to almost that level. After the81
compression the air was cooled and dried (dew point temperature ∼ 3 ◦C)82
and its temperature controlled. The temperature of the air in the settling83
chamber was regulated by means of a conditioning system. The capacity84
of this system was 4.5 kW heating and 6 kW cooling, with which a control85
range of the intake air from ambient temperature up to 420 K was available.86
The oxygen concentration of the intake air was reduced by introducing ex-87
haust gases from a spark ignition (SI) engine used as a gas generator. As88
shown in Fig. 1, exhaust gases from the SI engine were conveyed to the89
settling chamber and its mass flow rate was regulated with a linear-response90
valve as a function of the oxygen concentration set value. Air conditions91
in the intake settling chamber were monitored for precisely determining the92
thermodynamic parameters of the charge in the cylinder at any operating93
conditions.94
Fig. 2 shows a cross sectional view of the cylinder head of the 2-stroke95
engine, which contains a cylindrical combustion chamber (45 mm diameter,96
53 mm height). The injector is located in the upper side of the chamber,97
and four optical accesses are available in its lateral sides. One of the lateral98
accesses was used for assembling the pressure transducer, as can be seen at99
the left hand side of Fig. 2, while a second optical access was replaced with100
the heat flux probe (right hand side).101
The fuel injection was electronically controlled by a Bosch fuel injection102
system with common rail, allowing for injection pressures from 300 bar to103
1300 bar. The injector was equipped with a mini-sac single-hole axial nozzle.104
The injection control system was purpose-developed in order to permit the105
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variation of any parameter of the injection strategy, that is: timing, energiz-106
ing time, injection pressure and number of injections. To minimize window107
fouling, the engine was run under a skip-fire mode (i.e. fuel injection is trig-108
gered only after a predefined number of cycles) and short injection durations109
were used.110
To avoid problems with engine lubrication and high vibration levels due111
to low rotational speeds, in all the tests the engine was operated at 500 rpm.112
Higher rotational speeds were limited by the speed of the electrical motor.113
In addition, the maximum gas pressure in the combustion chamber did not114
exceed 80 bar since it was limited by the resistance of the quartz windows115
used in the optical accesses.116
Walls temperature of the engine was controlled by an external heating-117
cooling system during the tests. In this study, the coolant temperature at118
the inlet of the engine was kept constant to 70 ◦C for all conditions tested.119
The measuring systems used can be divided into two main categories. In120
the first group the instrumentation for controlling the experiment and for121
characterizing the engine operation is included, while the specific equipment122
for measuring the instantaneous heat transfer from the gas in the cylinder123
can be considered in the second category.124
Regarding the first group, the test bench and the engine were equipped125
with usual instrumentation for the quantification of parameters that charac-126
terize the operation of IC engines. With this purpose, transducers for test127
control and for engine operation diagnosis were used. For the characterization128
of non-steady processes, dynamic pressure sensors were used in the cylinder129
and in the intake and exhaust systems. In-cylinder pressure evolution was130
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measured by means of a Kistler 6067C1 piezoelectric sensor. All these vari-131
ables were synchronized recorded. The synchronization signal was generated132
by an optical encoder coupled with the crankshaft of the engine. Apart from133
the evolution of non-steady variables, mean pressure and temperature in dif-134
ferent systems of the engine were measured with adequate instrumentation135
as it is shown in Fig. 1.136
Concerning to the second group, specific equipment was employed for137
measuring the instantaneous heat flow transferred from the gas in the cylin-138
der to the walls. The response time of this device is short enough as to139
track the abrupt heat flow changes that were expected during combustion.140
This performance was achieved by means of coaxial surface thermocouples, in141
which a constantan wire is swaged over a second chromel wire with an electri-142
cal insulation in between. Fig. 2 shows a scheme of this thermocouple. The143
electrical bridge between the two materials is obtained by grinding the head144
with dry sand paper. The customized probe was manufactured by Müeller145
Engineering and its response time is about 3 microseconds. The sensing area146
was flush mounted to the combustion chamber surface by means of the heat147
flux probe shown in Fig. 2, which was specifically designed for this study.148
In this scheme a second thermocouple (surface thermocouple) or back-side149
junction, located 7 mm below the surface is also represented. This sensor was150
used for measuring the steady-state heat flux. The voltage signal supplied151
by the thermocouple was amplified and recorded in a fast response acqui-152
sition system. The acquired signal was finally processed in a computer to153
determine the instantaneous temperature. This temperature was obtained154
by calculating previously the output voltage of the thermocouple (before155
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amplifying) applying appropriate transfer functions. Then, the temperature156
was calculated using the International Thermocouple Reference Tables. The157
instantaneous data (in-cylinder pressure, intake and exhaust pressure, wall158
temperatures, etc.) were recorded with a Yokogawa acquisition system with159
a 0.1 CAD of resolution.160
3. Instantaneous heat flux calculation161
3.1. Theoretical background162
With the temperatures measured at the inlet and outlet walls of the heat163
flux probe of Fig. 2, the instantaneous heat flow transferred from the gases164
in the cylinder is calculated with the following assumptions [25]:165
• The wall is a semi-infinite solid.166
• Heat transfer is unidirectional and normal to the wall.167
• Initially the whole device, i.e. internal and external surfaces, is at a168
uniform temperature.169
• The temperature at the internal wall is the measured temperature and170
it has a periodic evolution, so that it can be expressed as a Fourier171
series.172
With these assumptions the well known one-dimensional unsteady heat173









where T (x, t) is the instantaneous temperature at a distance x from the175
internal surface (in contact with the gas in the cylinder) and α the thermal176
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diffusivity of the material. In addition, according to the assumptions above,177
the boundary conditions of Eq. (1) are the following:178
T (L, t) = T0
T (x, 0) = T0
T (0, t) = Tm +
N∑
n=1
An cos (nωt) +Bn sin (nωt)
(2)
In these expressions, T0 and Tm are the initial and the mean surface179
temperature, respectively, ω is the angular velocity, An andBn are the Fourier180
coefficients and n is the harmonic number.181
Applying these boundary conditions, the solution of Eq. (1) is182























and according to the Fourier law the heat flux (q̇) through the probe is183















[(An +Bn) cos (nωt) + (Bn − An) sin (nωt)] (5)
According to this equation, the heat flux through the chamber walls can185
be estimated from the measured instantaneous fire wall and back side tem-186
peratures. Coefficients An and Bn are determined by a Fourier analysis of the187
instantaneous fire wall temperature. The number of preserved harmonics N188
was chosen so as to conserve an adequate trade-off between signal biasing and189
high frequency noise suppression in the instantaneous fire wall temperature.190
12
With this purpose, the temperature signal at motoring and firing conditions191
was first analyzed.192
Fig. 3 shows the rough averaged (247 cycles for motoring and 13 cycles for193
firing) and low-pass filtered instantaneous fire wall temperatures measured194
during motoring tests and firing tests. The adequate signal-to-noise ratio of195
these temperature evolutions was obtained by preserving 25 harmonics i.e.196
208 Hz. Then the heat flux through the walls was calculated considering197
N = 25 in Eq. (5). These results are consistent with the signal analysis198
performed by Chang et al. [26] for reducing the computational effort of199
instantaneous heat flux calculation.200
3.2. Error analysis201
In order to minimize as possible errors in the experiments, all sensors202
were calibrated following rigorously the calibration procedures recommended203
by the sensor manufacturers. Instantaneous pressure sensors were quasi-204
steadily calibrated by means of a dead-weight tester with NPL and NIST205
traceability. Table 2 summarizes the accuracy of the instrumentation used206
in this work determined by the calibration. The propagation of the random207
errors from independent variables –which are measured with the calibrated208
sensors– toward functions as instantaneous heat flux and temperature swing209












where σ is the standard deviation and x̄i indicates the mean value of the i-th211
independent variable.212
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By means of this error analysis, the accuracy of the instantaneous heat213
flux and temperature swing was estimated to be within 1%.214
4. Results and discussion215
The measurements were performed on skip-fire mode in which fuel was216
injected once every twenty thermodynamic cycles, so that 19 motoring cy-217
cles per each firing cycle were considered. The total number of firing cycles218
was decided considering the most adequate trade-off between sample acqui-219
sition capacity and the minimum number of cycles preserving low dispersion.220
After testing different combinations, a good compromise between these two221
factors was achieved with thirteen firing cycles. This fact led to record 260222
thermodynamic cycles for each test.223
With the aim to evaluate the effect of different combustion parameters224
on the instantaneous local heat flux, a total of 24 different experiments were225
performed. In these experiments, variations of the injection pressure, the226
EGR rate (by controlling the oxygen concentration at the intake) and the227
intake air temperature were considered. The effect of the injection pressure228
was evaluated through four levels of variation: 500, 1000, 1500 and 1800 bar,229
while three levels were considered for the oxygen concentration at the intake:230
15%, 18% and 21% (i.e. without EGR). For evaluating the sensitivity of231
the heat flux to intake air temperature two levels were used: 50 ◦C and 120232
◦C. The heat flux through in-cylinder walls of internal combustion engines233
is produced both by convection and radiation heat transfer from the gas.234
The radiative contribution due to soot burning might represent about one235
fifth of the in-cylinder heat transfer [27] . With new generation injection236
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systems, this fraction could be even lower. In order to estimate the radiation237
contribution to the heat transfer in our experiments, the correlation proposed238
by Annand [28] was used. The results showed that the radiation mechanisms239
is responsible for 5-8 percent of the total heat flux.240
4.1. Effect of the injection pressure241
Fig. 4a presents the comparison between the temporal evolutions of the242
instantaneous fire wall temperature measured in motoring and firing con-243
ditions with the four injection pressure level evaluated. These tests were244
performed without EGR, controlling the intake air temperature to 120 ◦C245
and keeping constant the injection time. The dispersion observed in the246
temperature measured in motoring tests (dashed line) can be attributed to247
the influence of the wall temperature reached after the firing cycle, since the248
engine was operated in skip-fire mode during the tests.249
In order to avoid signal dispersion provoked by different initial conditions250
at the beginning of the measurements the temperature swing -calculated by251
subtracting the minimum temperature to the actual value- was determined252
for each engine operating condition. In this way, the reference level is the253
same for all measured temperatures independently of the running conditions,254
so that the effects of the combustion parameters can be more precisely evalu-255
ated. Fig. 4b shows the temperature swing for the same conditions presented256
in Fig. 4a. In this figure, the temperature scatter for motoring operation257
is now indistinguishable and it is clear that, in firing operation, the wall258
temperature in the combustion chamber increases as the injection pressure259
increases. This effect obeys to the better fuel atomization and hence to the260
higher combustion efficiency achieved when higher injection pressure is used,261
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and also to the fact that, if the energizing time is fixed, more fuel mass is262
injected and therefore, more heat is released in the cylinder during combus-263
tion.264
Figs. 4c-d show, respectively the instantaneous heat flux and the in-265
cylinder pressure evolutions measured for the same operating conditions. In266
both cases, the results are consistent with the previous comments. The267
heat flux and in-cylinder pressure peaks increase almost in proportion to the268
injection pressure increase. In concordance with other published work [19],269
these figures also show that heat flux peaks are produced earlier than in-270
cylinder pressure peaks, and that these are closer to the TDC the higher is271
the injection pressure. This observation can be supported by the fact that272
a longer combustion is expected since more fuel mass is injected with higher273
injection pressures and same injection duration.274
Finally, the rate of heat release and the heat flux evolution calculated275
with the correlation proposed by Woschni [17] to estimate the convective276
heat transfer coefficient are represented respectively in Figs. 4e-f. Both277
parameters were calculated by means of an in-house combustion diagnosis278
software [29]. These results show that, despite the calculated instantaneous279
heat flux overestimates the measurements, the temporal evolution of both280
parameters is similar to those discussed previously.281
4.2. Effect of intake air temperature282
In order to evaluate the sensitivity of the fire wall temperature and the283
heat flux through the walls to variations of intake air temperature, tests284
without EGR and with 1800 bar injection pressure were performed. Figs. 5a-f285
show the results obtained at the two intake air temperature levels considered.286
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As expected, these results show that the six parameters analyzed are sensitive287
to intake air temperature variations, even at motoring tests. Fig. 5a shows288
that the fire wall temperature increases uniformly by almost 20 ◦C when289
the intake air is warmed around 70 ◦C. In motoring conditions, temperature290
swings present a scatter of almost 1 ◦C along the cycle, while in firing cycles291
this difference is similar during the compression stroke and increases during292
and after combustion.293
Fig. 5d shows that, in motoring operation, in-cylinder pressure is reduced294
when the intake air temperature is increased. In this case, a warmer air mass295
is also expected at intake valve closing (IVC) and consequently the heat296
transfer toward the walls is increased. As shown in Fig. 5c, this situation is297
experimentally evidenced by the higher heat flux measured when the intake298
temperature was 120 ◦C. This high thermal energy dissipation causes an299
important reduction of the charge temperature, so that the pressure in the300
cylinder is decreased.301
The big temperature swing difference observed during combustion pro-302
cess, should be related with the strong influence of the temperature of the303
intake air on the fuel ignition delay [11]. Low intake temperatures provoke304
lower charge temperatures in the cylinder and hence the ignition delay is305
longer. This fact directly affects to the start of combustion (SOC) and there-306
fore, to the peak temperature of the gas in the cylinder. Since the injection307
settings, which were the same for these tests, were chosen to provoke fuel308
ignition closer to the TDC, increasing the intake temperature an earlier SOC309
is produced (as shows Fig. 5e), so that a higher in-cylinder temperature is310
expected and hence, a higher wall temperature is measured.311
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Additionally, Fig. 5d also shows that the in-cylinder pressure traces with312
the two intake air temperatures collapse when engine operates in firing con-313
ditions. This should be due to a compensation of the two effects mentioned314
before. Since the ignition delay is shorter, the warmer is the charge in the315
cylinder, the lower is the heat released in pre-mixed combustion and hence316
a larger quantity of fuel is burned in a slow diffusive combustion (Fig. 5e).317
In these conditions, as is represented in Fig. 5f, higher heat transfer toward318
the walls is promoted due to both the higher temperature of the charge and319
the longer time available for heat exchange.320
4.3. Effect of the oxygen concentration at the intake321
The effect of the oxygen concentration at the intake on heat flux and wall322
temperature was evaluated through tests in which the intake air temperature323
and the rail pressure were kept constant to 120 ◦C and 1800 bar, respectively.324
The rest of the injection settings were also maintained constant. In Figs. 6a-f325
the results obtained with the three concentration levels tested are presented.326
In the six parameters, apparent effects of the oxygen concentration are ob-327
served for firing cycles. Fig. 6a shows that the wall temperature is highly328
sensitive to oxygen concentration even at motoring operation, being this tem-329
perature lower the lower is the oxygen concentration at the intake (higher330
EGR rate).331
Results in motoring conditions show that the instantaneous temperature332
swing is similar independently of the oxygen concentration of the intake air333
(Fig. 6b). However, the local heat flux and in-cylinder pressure evolutions334
presented in Figs. 6c and 6d evidence that local heat transfer is sensitive to335
the composition of the charge in the cylinder and thus in-cylinder pressure336
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is also affected. These results are consistent with those obtained by Hounta-337
las et al. [30]. This observation can be thermodynamically justified by the338
influence of the composition of a gas on its politropic coefficient [31]. This339
coefficient is reduced in proportion to the reduction of the oxygen concentra-340
tion of the charge and, therefore the compression and expansion strokes are341
less adiabatic. Since the specific heat capacity of the mixture is higher than342
that for the air, lower gas temperatures are reached in the cylinder [32].343
Temperature swing, in-cylinder pressure, measured and calculated global344
heat flux and RoHR in firing conditions show that the oxygen concentration345
at the intake affects also to the shape of the evolution of these parameters.346
These evolutions are consequence of the high sensitivity of the ignition delay347
to the oxygen concentration of the charge in the cylinder. For a given local348
equivalence ratio, combustion is delayed as the oxygen concentration of the349
charge is reduced. In addition, Fig. 6e shows that premixed combustion350
is reduced in proportion to oxygen concentration. As was discussed in the351
previous analyses, the start of combustion strongly affects to the heat flux352
from the gas and hence to the local wall temperature.353
4.4. Qualitative analysis354
Important effects on in-cylinder pressure and local heat flux have been355
observed when the three parameters relevant for combustion were varied.356
These effects were caused either by the variation of the ignition delay or by the357
quantity of fuel injected. As commented before, these combustion parameters358
were modified in this study through the variation of the injection pressure,359
the oxygen concentration and the temperature of the intake air. Previous360
results showed that these factors affect directly to wall temperatures, heat361
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flux and in-cylinder pressure peaks.362
In order to determine general trends of the influence of the combustion363
parameters on the heat flux and in-cylinder pressure peaks, a qualitative364
analysis was performed. With this purpose, the measured data conveniently365
grouped were subject to a regression analysis in order to obtain the contour366
plots shown in Figs. 7 and 8.367
Fig. 7 shows the sensitivity of the in-cylinder pressure peak to the op-368
erating variables referred to above. As expected, these results show that,369
independently of the intake air temperature, the in-cylinder pressure peak370
increases in proportion with both the injection pressure and the oxygen con-371
centration. This behaviour is consequent with both the larger fuel mass372
injected associated with fuel pressure increase –since the same injection du-373
ration was used– and the smaller ignition delay associated with an O2 con-374
centration increase. In addition, the plots in Fig. 7 also indicate that the375
sensitivity of the peak pressure to injection pressure increases as the intake376
air temperature is increased. Contrary to this, the sensitivity to the oxygen377
concentration decreases as such temperature increases.378
The sensitivity of the local heat flux peak to injection pressure and intake379
air oxygen concentration and temperature is represented in Fig. 8. As ex-380
pected, these results show that higher intake air temperatures induce higher381
heat flux peak levels. Fig. 8a shows that the sensitivity of the heat flux382
peak to injection pressure and oxygen concentration at 50 ◦C is qualitatively383
different from that observed for the in-cylinder pressure in Fig. 7a. However,384
similar trends are observed in Figs. 7b and 8b corresponding to the results385
obtained with an intake air temperature of 120 ◦C. At the lower intake tem-386
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perature (Fig. 8a), the local heat flux peak seems to be highly sensitive to387
O2 concentration for low injection pressures. This sensitivity is reduced for388
injection pressures higher than 1000 bar and a change of tendency is also389
observed around 1500 bar. For higher injection pressures the initial trend is390
recovered.391
The effects on engine performance of high EGR rate and low inlet tem-392
perature are expected to be negative. On one hand, the ignition delay is393
highly sensitive to EGR rate variations. On the other hand, the higher inlet394
temperature may reduce the ignition delay, which could lead to an increase395
of in-cylinder pressure peak. In Fig. 9a the sensitivity of the indicated effi-396
ciency to both injection pressure and oxygen concentration for tests at the397
lowest intake temperature (50 ◦C) is shown. The results show that the indi-398
cated efficiency increases almost linearly as the injection pressure increases,399
and decreases with O2 concentration. However, in the case of higher intake400
temperature (120 ◦C), Fig. 9b, the effect of the EGR rate is less noticeable401
(almost negligible). Finally, as expected, the indicated efficiency is higher402
when the intake temperature is also higher.403
5. Conclusions404
In this paper, a procedure for measuring the instantaneous heat flux405
through the walls of the combustion chamber of IC engines was evaluated.406
With this purpose, a fast response thermocouple was used for measuring the407
instantaneous fire wall local temperature. Assuming that this temperature408
signal is periodic, the instantaneous heat flux from the gas was calculated con-409
sidering that the chamber wall is a semi-infinite body, the heat flux through410
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the wall is one-dimensional and at the initial condition the wall temperature411
is constant and uniform.412
The suitability of the procedure for the estimation of heat flux through413
the walls of the combustion chamber of reciprocating IC engines was checked414
through motoring and firing tests in a single cylinder research engine. The415
sensitivity of the proposed procedure to changes in heat transfer was eval-416
uated through tests varying parameters that strongly affect the combustion417
process. These parameters were the intake air temperature, the injection418
pressure and the EGR rate for controlling the oxygen concentration at the419
intake.420
The results showed that local heat flux and in-cylinder pressure are highly421
sensitive to combustion variations, and that the effect on these variables of422
variations in any of the three parameters mentioned above is quite similar. In423
addition, the instantaneous heat flux through the walls, and hence the local424
wall temperatures, are strongly affected by the ignition delay and therefore425
by the SOC.426
Regarding engine performance, expectable results have been obtained.427
The indicated efficiency is highly sensitive to those parameters affecting the428
ignition delay. This efficiency strongly depends on the injection pressure and429
it is less dependent on intake temperature and EGR rate. Furthermore, the430
results have shown that the effect of the EGR rate on the indicated efficiency431
is masked when the intake temperature increases.432
The experimental procedure used in this paper may become a suitable tool433
for the development, through parametric studies, of more precise theoretical434
models for predicting the dissipation of heat through the combustion chamber435
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walls of reciprocating IC engines. As a consequence, reliable calculation436
algorithms for both wall temperatures and heat fluxes could be incorporated437
into software frequently used for combustion diagnosis in these engines.438
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Fig. 1 Schematic diagram and main components of the experimental setup.543
1. Piezoelectric pressure sensor, 2. Instantaneous pressure piezorresistive544
sensor, 3. Mean pressure piezorresistive sensor, 4. Temperature sensor, 5.545
Valve, 6. Drain valve, 7. Exhaust backpressure valve, 8. Air filter, 9. Com-546
pressor, 10. Air cooler, 11. Dryer, 12. Air conditioner, 13. Intake settling547
chamber, 14. Exhaust settling chamber.548
Fig. 2 Cross-sectional view of the instrumented cylinder head.549
Fig. 3 Quality of the low-pass filter used in signal processing: a) motored,550
b) firing.551
Fig. 4 Effect of the injection pressure on a) instantaneous temperature, b)552
temperature swing, c) local heat flux, d) in-cylinder pressure, e) RoHR and f)553
global heat flux in tests with intake at 120 ◦C and 21% of O2 concentration.554
Dashed lines correspond to motored tests.555
Fig. 5 Effect of the intake air temperature on a) instantaneous temperature,556
b) temperature swing, c) local heat flux, d) in-cylinder pressure, e) RoHR557
and f) global heat flux in tests with 21% of O2 concentration at intake and558
1800 bar of injection pressure. Dashed lines correspond to motored tests.559
Fig. 6 Effect of O2 concentration at the intake on a) instantaneous temper-560
ature, b) temperature swing, c) local heat flux, d) in-cylinder pressure, e)561
RoHR and f) global heat flux in tests with intake at 120 ◦C and 1800 bar of562
injection pressure. Dashed lines correspond to motored tests.563
Fig. 7 Sensitivity of in-cylinder pressure peak to injection pressure and O2564
concentration at intake temperature of a) 50 ◦C, b) 120 ◦C.565
Fig. 8 Sensitivity of local heat flux peak to injection pressure and O2 con-566
centration at intake temperature of a) 50 ◦C, b) 120 ◦C.567
Fig. 9 Sensitivity of indicated efficiency to injection pressure and O2 concen-568
tration at intake temperature of a) 50 ◦C, b) 120 ◦C.569
Table 1: Engine main characteristics.
Engine type Single cylinder, 2 stroke, DI Diesel
Bore [mm] 150
Stroke [mm] 170
Number of inlet ports 4
Number of exhaust ports 3
Inlet ports dimensions [mm] 38×31
Exhaust ports dimensions [mm] 58×32
Dead volume [cm3] 118.5
Scavenging Curtis loop






















Figure 1: Schematic diagram and main components of the experimental setup. 1. Piezo-
electric pressure sensor, 2. Instantaneous pressure piezorresistive sensor, 3. Mean pressure
piezorresistive sensor, 4. Temperature sensor, 5. Valve, 6. Drain valve, 7. Exhaust back-
pressure valve, 8. Air filter, 9. Compressor, 10. Air cooler, 11. Dryer, 12. Air conditioner,





























































Figure 3: Quality of the low-pass filter used in signal processing: a) motored, b) firing.
Figure 4: Effect of the injection pressure on a) instantaneous temperature, b) temperature
swing, c) local heat flux, d) in-cylinder pressure, e) RoHR and f) global heat flux in tests
with intake at 120 ◦C and 21% of O2 concentration. Dashed lines correspond to motored
tests.
Figure 5: Effect of the intake air temperature on a) instantaneous temperature, b) tem-
perature swing, c) local heat flux, d) in-cylinder pressure, e) RoHR and f) global heat
flux in tests with 21% of O2 concentration at intake and 1800 bar of injection pressure.
Dashed lines correspond to motored tests.
Figure 6: Effect of O2 concentration at the intake on a) instantaneous temperature, b)
temperature swing, c) local heat flux, d) in-cylinder pressure, e) RoHR and f) global
heat flux in tests with intake at 120 ◦C and 1800 bar of injection pressure. Dashed lines


























































Figure 7: Sensitivity of in-cylinder pressure peak to injection pressure and O2 concentra-





























































Figure 8: Sensitivity of local heat flux peak to injection pressure and O2 concentration at



























Figure 9: Sensitivity of indicated efficiency to injection pressure and O2 concentration at
intake temperature of a) 50 ◦C, b) 120 ◦C.
Table 2: Accuracy of the instrumentation used in this work expressed in % of full scale.
Sensor Variable Accuracy [% f.s.]
Piezoelectric In-cylinder pressure 0.7
Piezoresistive Intake, exhaust pressure 0.65
Exhaust gas analyser O2 concentration 1.5
Fast response thermocouple Instantaneous temperature 0.35
Standard thermocouple Intake, exhaust, back-side flux
probe temperatures 0.3
Encoder Crankangle 0.006
Volt and ampere meters Injection rate 0.5
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